. Multi-1989), and in other instances anesthetics can degrade or sensory integration in the superior colliculus of the alert cat. J. eliminate brain stem sensory responses (Kuwada et al. Neurophysiol. 80: 1006-1010 , 1998 . The modality convergence 1989). Furthermore, anesthetics can significantly affect corpatterns, sensory response properties, and principles governing tical activity (Dougherty et al. 1997; Duncan et al. 1982), multisensory integration in the superior colliculus (SC) of the alert and the integrative properties of SC neurons were shown to cat were found to have fundamental similarities to those in anesthe-critically depend on cortical inputs (Wallace and Stein tized animals. Of particular interest was the observation that, in a 1994). The current experiments were initiated to determine manner indistinguishable from the anesthetized animal, combinawhether the sensory convergence patterns, response propertions of two different sensory stimuli significantly enhanced the ties, and multisensory integration capabilities believed to responses of SC neurons above those evoked by either unimodal stimulus. These observations are consistent with the speculation characterize the SC and help mediate overt behaviors are that there is a functional link among multisensory integration in apparent in the alert, untrained animal. An abstract of these individual SC neurons and cross-modality attentive and orientation results was published previously . stimuli. Ultimately, these multisensory interactions are be-2.5Њ square windows was placed 50 cm from the eyes (Fig. 1). lieved to significantly enhance SC-mediated attentive and Food presented in the windows encouraged fixation (Munoz and orientation behaviors (Frens et al. 1995; Hughes et al. 1994; Guitton 1985) , and all quantitative tests were conducted when the ).
Wallace, Mark T., M. Alex Meredith, and Barry E. Stein. Multi-1989) , and in other instances anesthetics can degrade or sensory integration in the superior colliculus of the alert cat. J. eliminate brain stem sensory responses (Kuwada et al. Neurophysiol. 80: 1006 -1010 , 1998 . The modality convergence 1989). Furthermore, anesthetics can significantly affect corpatterns, sensory response properties, and principles governing tical activity (Dougherty et al. 1997; Duncan et al. 1982) , multisensory integration in the superior colliculus (SC) of the alert and the integrative properties of SC neurons were shown to cat were found to have fundamental similarities to those in anesthe-critically depend on cortical inputs (Wallace and Stein tized animals. Of particular interest was the observation that, in a 1994). The current experiments were initiated to determine manner indistinguishable from the anesthetized animal, combinawhether the sensory convergence patterns, response propertions of two different sensory stimuli significantly enhanced the ties, and multisensory integration capabilities believed to responses of SC neurons above those evoked by either unimodal stimulus. These observations are consistent with the speculation characterize the SC and help mediate overt behaviors are that there is a functional link among multisensory integration in apparent in the alert, untrained animal. An abstract of these individual SC neurons and cross-modality attentive and orientation results was published previously . Meredith and Stein 1986) . Animals accommodated to the somatosensory stimuli can dramatically enhance SC rerestraint apparatus that supported the body and fixed the head at sponses above those evoked by individual modality-specific the center of a magnetic field coil system. An opaque screen with stimuli. Ultimately, these multisensory interactions are be-2.5Њ square windows was placed 50 cm from the eyes (Fig. 1 ).
behaviors. M E T H O D S I N T R O D U C T I O
lieved to significantly enhance SC-mediated attentive and Food presented in the windows encouraged fixation (Munoz and orientation behaviors (Frens et al. 1995; Hughes et al. 1994; Guitton 1985) , and all quantitative tests were conducted when the ).
animal's eyes and ears were fixated directly ahead (i.e., ''primary'' Multisensory interactions in SC neurons were shown to position). On occasion, tests were conducted at different fixation vary in sign (enhancement vs. depression) and magnitude, locations and qualitative observations were made. depending on a variety of spatial and temporal factors, as ally, the multisensory response is inversely related to the moved through an amplitude range of 1-90Њ of visual angle and magnitude of the response to the unimodal stimuli that are through a range of speeds from 3 to 500Њ/s. Auditory stimuli ranged combined. Consequently, combinations of the least effective in intensity from 50 to 85 dB SPL on a background of 45 dB.
These stimuli had no relevance for the animal because they were stimuli (those that are difficult to perceive or identify) can not used as fixation or saccade targets.
have the most profound consequences at the single neuron Multisensory interactions were defined as significant (P õ 0.05, and the overt behavioral level (see Stein and Meredith t-test) changes in neuronal response evoked by CM stimuli as 1993). Perhaps most impressive is that under these circumcompared with that elicited by the most effective modality-specific stances multisensory stimuli can evoke responses that exceed stimulus (Meredith and Stein 1983) . Interactive magnitudes were the sum of the responses to the individual stimuli (Meredith determined with the use of the formula CM 0 SM max /SM max 1 and Stein 1986). However, these physiological results were 100 (SM max is the response to the most effective modality-specific obtained in anesthetized preparations, and anesthesia can stimulus). Only responses that occurred during fixation and were profoundly alter the responses of neurons to sensory stimuli. time locked to the onset of a stimulus were considered. Because Indeed in some instances SC responses can be evoked that of the difficulties inherent with the delivery of controlled somatosensory stimuli in the search-coil apparatus and/or through the are specific to a given anesthetic condition (Nelson et al. FIG . 1. Comparisons between superior colliculus (SC) neurons in the alert ( left) and anesthetized (right) preparations. The proportions of unimodal and multisensory neurons (top) and response latencies (middle) are similar in both preparations. Also, despite the observation that neurons in both preparations exhibited wide variability in the size of their receptive fields, they were both characterized by a close cross-modality spatial register ( bottom). Often this register was strikingly similar, as shown in these 4 examples. In receptive field plots each concentric circle represents 10Њ. In the convention for representing auditory space, the caudal half of space is depicted by a hemisphere that was split and folded forward. S, superior; I, inferior; N, nasal; T, temporal. restraining bag, all quantitative tests of multisensory integration ever, many of these neurons showed a rapid decline in response involved visual-auditory stimuli. Nonetheless, qualitative observa-vigor when identical stimuli were presented repeatedly, even tions on somatosensory-responsive neurons were made with the at long (ú20 s) interstimulus intervals.
use of taps and strokes from camel hair brushes.
Multisensory neurons had well-defined receptive fields
To assess the topography of the SC electrolytic lesions were that exhibited cross-modality overlap (Figs. 1 and 2 ). When made in selected electrode penetrations in the final few recording stimuli from two different modalities were presented within sessions. At the end of the terminal recording session the animal their respective receptive fields (thus in close spatial proximwas killed and the tissue was reconstructed as described previously ity), the neuron's activity was substantially enhanced (Fig. (Wallace et al. 1993). 2). When they were not, response enhancement failed to be produced (Fig. 3) . By definition, response enhancement R E S U L T S occurs whenever the combined stimulus response significantly exceeds the best modality-specific response (Meredith Seventy-five neurons were examined in the multisensory and Stein 1983) . However, in the example shown in Fig. 2 , layers (below stratum opticum) of the SC. Sensory-responthe visual and auditory stimulus combination not only sive neurons abounded and in addition to unimodal neurons evoked a response that was significantly (P ú 0.01) greater (56%), multisensory neurons showing different sensory than the most effective modality-specific stimulus, but one convergence patterns were well represented (44%; Fig. 1) .
that was far greater than that predicted by summing the two The visual, auditory, and somatosensory representations apmodality-specific responses (superadditive). This change in peared to be topographic .
the magnitude of an interaction largely depended on the The most vigorous visual responses were evoked by moving effectiveness of the stimuli that were combined. In all examstimuli. Manipulating the physical parameters of the visual ples tested, the largest response enhancements were obtained stimulus (e.g., size, direction of movement, and velocity) inby combining the most weakly effective (i.e., those eliciting variably altered the magnitude of the visual response. Simithe fewest impulses) modality-specific stimuli (Fig. 3) . larly, auditory responses were readily evoked by a host of different stimuli, the most effective of which contained multi-D I S C U S S I O N ple frequencies. All somatosensory neurons exhibited rapidly adapting responses to maintained stimuli and responded to
The distributions, latencies, and response properties of unimodal and multisensory neurons in the deep layers of the gentle distortion of the hairs or skin (Stein et al. 1976 3. Spatial proximity and modality-specific stimulus effectiveness determine the multisensory product. Top: when presented within their respective receptive fields, the combination of a visual and auditory cue evoked a significantly enhanced response (C) when compared with the unimodal visual (A) and auditory (B) responses. However, when the auditory stimulus was presented outside of its receptive field ( D), no interaction was produced. Data are summarized in the bar graphs ( E). Bottom: response to a highly effective visual stimulus (V 1 ) was enhanced comparatively little when an auditory stimulus was added (F). However, when the auditory stimulus was combined with a less-effective visual stimulus (V 2 ) the enhancement was substantially greater (G). * P õ 0.05. SC of the alert cat proved to be quite similar to those de-poorly effective tended to evoke superadditive responses when combined, whereas stimuli that were of higher effecscribed in anesthetized animals (for review see . Similarly, the integration of cross-modality tiveness evoked substantially lower levels of enhancement (additive or subadditive). These results parallel those seen inputs appeared to abide by the same neural principles. Thus in both preparations the different receptive fields of multisen-in the anesthetized animal, where this principle was referred to as ''inverse effectiveness'' (Meredith and Stein 1986 ). sory neurons were in good spatial register and response enhancements were obtained only when stimuli were spatially Despite these similarities, differences in the alert and anesthetized preparations were also apparent. In the alert animal coincident (see also Frens and van Opstal 1995; King and Palmer 1985; Peck 1987; Populin and Yin 1997 ; Wallace et some neurons showed strongly habituating responses that exceeded the speed and magnitude of those previously obal. 1993; .
Although response enhancement to multisensory stimuli served in anesthetized animals to the same stimuli (Meredith and Stein 1986; Stein et al. 1976; . was characteristic of the population of neurons studied, the magnitude of the enhanced response varied substantially These physiological changes likely reflect shifts of attention and raise the possibility that if these neutral stimuli were across the neurons studied from responses that were close to or below a summation of the unimodal responses to multi-associated with specific consequences then responses could have been altered in a variety of ways (see Guitton and sensory responses that substantially exceeded their sum. This variability appeared to be caused in part by the level of Munoz 1991). Indeed, when an animal shifts attention as reflected by a shift in fixation there are profound changes in stimulus effectiveness. Modality-specific stimuli that were / 9K2A$$JY36 07-18-98 11:49:28 neupa LP-Neurophys
